To identify the molecules involved in esophageal carcinogenesis and those applicable as novel tumor markers and for the development of new molecular therapies, we performed gene expression profile analysis of 19 esophageal squamous cell carcinoma (ESCC) cells purified by laser microbeam microdissection (LMM). Using a cDNA microarray representing 32,256 genes, we identified 147 genes that were commonly up-regulated and 376 transcripts that were downregulated in ESCC cells compared with non-cancerous esophageal epithelial cells. A comparison of clinicopathological data with the expression profiles of the 19 ESCCs identified 20 genes whose expression levels could most significantly separate cases with lymph node metastasis from those without. In addition, immunohistochemical analysis of candidate tumor markers on tissue microarrays demonstrated transactivation of a secretory protein, transforming growth factor · (TGFA) in the great majority of 228 ESCC cases and an association of their expression with the poor prognosis of patients. Our data provide valuable information for establishing novel diagnostic markers for early diagnosis and choice of therapy, and identifying therapeutic target molecules for the development of novel anti-cancer drugs and immunotherapy in esophageal cancer treatment.
Introduction
Esophageal squamous cell carcinoma (ESCC) is a tumor with a very poor prognosis, and most patients are at advanced stages at the time of diagnosis (1) . Despite using modern surgical techniques combined with various treatment modalities, such as radiotherapy and chemotherapy, the overall 5-year survival rate remains at 40-60% (2) . Several tumor markers, such as squamous cell carcinoma antigen (SCC), carcinoembryonic antigen (CEA), and cytokeratin 19-fragment (CYFRA 21-1), are used in clinical diagnosis as well as in patient follow-up. In addition, serum levels of midkine (MDK), CD147, matrix metalloproteinase-2 (MMP-2), MMP-9, and MMP-26 in patients with ESCC were reported to be associated with poor prognosis (3) (4) (5) (6) . However, no tumor marker has proven to be useful for the detection of ESCC at a potentially curative stage (early stage), and no practical prediction marker is presently available for the selection of treatment modalities for individual patients. Therefore, new diagnostic and therapeutic strategies are urgently needed, i.e. novel tumor markers that can detect this disease at an early stage and be applied to individualized treatments based on the biological characteristics of cancer cells.
Analysis of gene expression profiles on cDNA microarray enables us to perform a comprehensive analysis of gene expression profiles in cancer cells for selecting candidates for the development of novel anti-cancer drugs and tumor markers (7) (8) (9) , and some studies describing gene expression profiles of human ESCC tissues have been performed (2, 10, 11) . However, since ESCCs contain various types of cells, such as mesenchymal and inflammatory cells, at different proportions (12) , all of the previous expression data on human ESCC obtained by use of bulk tumor tissue do not accurately reflect gene expression changes during esophageal carcinogenesis.
In this study, we performed a genome-wide analysis of gene expression profiles of 19 ESCC cells purified by laser microbeam microdissection (LMM) using a cDNA microarray containing 32,256 genes. In the process, we identified a number of genes that were potentially good candidates for the development of novel diagnostic markers, therapeutic drugs, and/or immunotherapy as well as a small subset of biomarkers for predicting the presence of lymph node metastasis. In addition, we confirmed that overexpression of transforming growth factor · (TGFA) has independent : nine SCC cell lines, TE1, TE2,  TE3, TE4, TE5, TE6, TE8, TE9 , and TE10; and one adenocarcinoma (ADC) cell line, TE7 (13) . All cells were grown in monolayer in appropriate media supplemented with 10% fetal calf serum (FCS) and maintained at 37˚C in a humidified atmosphere of 5% CO 2 .
cDNA microarray. We fabricated a genome-wide cDNA microarray with 32,256 cDNAs selected from the UniGene database (build #186) of the National Center for Biotechnology Information (NCBI). This microarray system was essentially constructed as described previously (14) . Briefly, the cDNAs were amplified by RT-PCR using poly(A) + RNAs isolated from various human organs as templates; the lengths of the amplicons ranged from 200 to 1100 bp, without any repetitive or poly(A) sequences.
RNA extraction, T7-based RNA amplification, and hybridization. Total RNA was extracted from each sample of laser-microdissected cells into 350 μl of RLT lysis buffer (Qiagen, Hilden, Germany). The extracted RNAs were treated for 30 min at room temperature with 30 U of DNase I (Roche Diagnostics, Basel, Switzerland) in the presence of 1 U of RNase inhibitor (Toyobo, Osaka, Japan) to remove any contaminating genomic DNA. After inactivation at 70˚C for 10 min, the RNAs were purified using an RNeasy Mini kit (Qiagen) according to the manufacturer's recommendations. All of the DNase I-treated RNAs were subjected to T7-based RNA amplification; two rounds of amplification yielded 50-100 μg of aRNA from each sample. The 2.5-μg aliquots of aRNA from cancer cells or normal esophageal epithelial cells were then labeled by reverse transcription with Cy5-dCTP or Cy3-dCTP (GE Healthcare/Amersham Biosciences Corp., Piscataway, NJ), respectively, as described elsewhere (8, 14) . Hybridization, washing, and scanning were also carried out according to methods described previously (8, 14) .
Data analysis. Signal intensities of Cy3 and Cy5 from the 32,256 spots were quantified and analyzed by substituting backgrounds, using ArrayVision software (Imaging Research, Inc., St. Catharine's, Ontario, Canada). Subsequently, the fluorescent intensities of Cy5 (tumor) and Cy3 (control) for each target spot were adjusted so that the mean Cy5/Cy3 ratio of 52 housekeeping genes on the array was equal to 1. Because data derived from low signal intensities are less reliable, we determined a cutoff value on each slide as described previously (8, 14) and excluded genes for further analysis when both Cy3 and Cy5 dyes yielded signal intensities lower than the cutoff. For other genes, we calculated the Cy5:Cy3 ratio using the raw data of each sample.
Identification of genes associated with a risk of lymph node metastasis. Genes associated with clinicopathological features, such as lymph node metastasis-positive (node-positive) (p) or node-negative (n), were chosen according to the following two criteria: i) signal intensities are higher than the cutoff value in at least 50% of either group; and ii) |Med p /Med n | ≥1.2, where Med indicates the median derived from log-transformed relative expression ratios in two groups. Genes were selected as candidates when they met the criteria with a permutation P-value <0.01 in each clinicopathological status.
We applied a random permutation test to identify genes that were expressed differently in the two groups. The mean (μ) and standard deviation (Û) were calculated from the logtransformed relative expression ratios of each gene in nodepositive (p) and node-negative (n) cases. A discrimination score (DS) for each gene was defined using the following equation:
We carried out permutation tests to estimate the ability of individual genes to distinguish between two groups; samples were randomly permutated between the two classes 10,000 times. Since the DS data set of each gene showed a normal distribution, we calculated a P-value for the user-defined grouping (15) . For this analysis, we applied the expression data of 19 cases whose T factors were either 2 or 3, consisting of 13 lymph node-positive and 6 negative cases.
Calculation of prediction score. We further calculated the prediction score of lymph node metastasis according to procedures described previously (15) . Each gene (gi) votes for either node-positive (p) or node-negative (n) cases depending on whether the expression level (xi) in the sample is closer to the mean expression level of node-positive cases or node-negative cases in reference samples. The magnitude of the vote (vi) reflects the deviation of the expression level in the sample from the average of the two classes: Vi = |xi-(μ n +μ p )/2|.
We calculated the total for node-positive cases (V p ) and node-negative cases (V n ), and the PS value using the following equation:
, reflecting the margin of victory in the direction of either node-positive cases or node-negative cases. PS values range from -100 to 100, and a higher absolute value of PS reflects a stronger prediction of lymph node metastasis.
Cross-validation of scores and evaluation of classification.
The prediction scores of all samples were obtained by a leave-one-out approach, in which one sample is withheld, the permutation P-value and mean expression levels are calculated using remaining samples, and the class of the withheld sample is subsequently evaluated by calculating its prediction score. We repeated this procedure for each of the 19 samples. We calculated the classification score (CS) by using the prediction score of node-positive cases (PS p ) and node-negative cases (PS n ) in each gene set: CS = (μPSn-μPSp)/(ÛPS n +ÛPS p ). A larger value of CS indicates a better separation of the two groups when using the predictive scoring system.
Semi-quantitative RT-PCR.
We selected highly up-regulated genes and examined their expression levels by means of semi-quantitative RT-PCR experiments as previously described (9) . A total of 3 μg aliquot of amplified RNA from each sample was reverse-transcribed to single-stranded cDNAs using random primer (Roche Diagnostics) and Superscript II (Invitrogen, Carlsbad, CA). Semi-quantitative RT-PCR experiments were carried out with the following sets of synthesized primers specific to the six representative genes up-regulated in ESCCs or with ß-actin (ACTB)-specific primers as an internal control: RAS-like, family 11, member B (RASL11B), 5'-GAGGAAGAATTGCTTTTCTCTTACC-3' and 5'-TTTTAAAGTGCATCTGTGGAGG-3'; activated leukocyte cell adhesion molecule (ALCAM), 5'-CAGCCTCA ATGGATACTGGC-3' and 5'-GCTAGAAAGCAAACTCAT GCTCTG-3'; transforming growth factor · (TGFA), 5'-GGA AAGATAGACAGCAGCCAAC-3' and 5'-TCTCTCTCT CTCTGTGTGAACCAC-3'; melanoma antigen, family A, 4 (MAGEA4), 5'-CTCCGAGTCCCTGAAGATGAT-3' and 5'-TTCTCTTACATTCACGAAGCCA-3'; homeobox D11 (HOXD11), 5'-CAGAATCGCAGGATGAAAGATA-3' and 5'-GTGACTCATGCCTTGATATGACA-3'; sperm-specific antigen 2 (SSFA2), 5'-GCTCCTTCTCTCATGGATTACCT-3' and 5'-CAAGTGGGTAAAATGCTGTCTTC-3'; ACTB, 5'-GAGGTGATAGCATTGCTTTCG-3' and 5'-CAAGTCAGT GTACAGGTAAGC-3'. PCR reactions were optimized for the number of cycles to ensure product intensity within the linear phase of amplification.
Immunohistochemistry and tissue microarray. Tumor tissue microarrays were constructed with 228 formalin-fixed primary esophageal cancers, as described elsewhere (16) (17) (18) . The tissue area for sampling was selected based on visual alignment with the corresponding H&E-stained section on a slide. Three tissue cores (diameter, 0.6 mm; depth, 3-4 mm) taken from a donor tumor block were placed into a recipient paraffin block with a tissue microarrayer (Beecher Instruments, Sun Prairie, WI). A core of normal tissue was punched from each case, and 5-μm sections of the resulting microarray block were used for immunohistochemical analysis.
To investigate the presence of TGFA protein in clinical samples that had been embedded in paraffin blocks, we stained the sections in the following manner. Briefly, 10 μg/ml of a mouse monoclonal anti-human TGFA antibody (EMD Biosciences, Inc., San Diego, CA) was added to each slide after the blocking of endogenous peroxidase and proteins, and sections were incubated with horseradish peroxidaselabeled anti-mouse IgG [Histofine Simple Stain MAX PO (G), Nichirei, Tokyo, Japan] as the secondary antibody. Substratechromogen was added, and the specimens were counterstained with hematoxylin. Three independent investigators semi-quantitatively assessed the TGFA positivity as reported previously (19) ; cytoplasmic staining intensity was recorded as absent (scored as 0), weakly positive (scored as 1+), or strongly positive (scored as 2+), without prior knowledge of Table I . Representative up-regulated genes with known function. 
clinicopathological data. Cases were accepted as being strongly positive only if the reviewers independently defined them as such.
Statistical analysis. Statistical analyses were performed using the StatView statistical program (SAS, Cary, NC). Tumorspecific survival curves were calculated from the date of Table II . List of 34 candidate genes associated with lymph node metastasis. 
specific) -----------------------------------------------------------------------------------------------------
*The 20 top-ranked genes whose expression levels could most significantly separate cases with lymph node metastasis from those without metastasis.
-----------------------------------------------------------------------------------------------------
surgery to the time of death related to ESCC, or to the last date of follow-up. Kaplan-Meier curves were calculated for each relevant variable and TGFA expression; differences in survival times among patient subgroups were analyzed using the log-rank test. Univariate and multivariate analyses were performed using the Cox proportional-hazard regression model to determine associations between clinicopathological variables and cancer-related mortality. We first analyzed associations between death and possible prognostic factors including age, gender, pT-classification, pN-classification, and pM classification, taking one factor at a time into consideration. Multivariate Cox analysis was then applied on backward stepwise procedures that always forced strong TGFA expression into the model, along with any and all variables that satisfied an entry level of P<0.05. As the model continued to add factors, independent factors did not exceed an exit level of P<0.05.
Results

Identification of commonly up-and down-regulated genes in ESCC.
To obtain accurate gene expression profiles of ESCC cells, we employed LMM to purify the tumor cell population and keep contamination of non-cancerous cells at a minimum level (Figs. 1A-C) . We defined the genes for which we were able to obtain expression data in more than 50% (at least 10 of the 19 cases) of the cancers examined as commonly up-or down-regulated according to the following criteria: genes whose expression ratio was >5.0 in ESCC cells were defined as up-regulated and genes whose expression ratio was <0.2 were defined as down-regulated. A total of 147 genes were identified as commonly up-regulated in ESCC (representative known genes are listed in Table I ), and 376 genes were commonly down-regulated (data not shown). The up-regulated genes included genes associated with signal transduction, cell proliferation, enzymatic activities, gene transcription, and transporter activity. Some known activated genes in ESCC, such as midkine (MDK); TGFA; activated leukocyte cell adhesion molecule (ALCAM); melanoma antigen, family A, 3 (MAGEA3); and melanoma antigen, family A, 4 (MAGEA4), appear on our list of up-regulated genes (4, (20) (21) (22) .
Validation of selected genes by semi-quantitative RT-PCR.
To validate the expression data obtained by microarray analysis, we performed semi-quantitative RT-PCR experiments for a total of 38 representative genes, which were frequently overexpressed in ESCC cases (6 genes were shown in Fig. 1D ). The results of RT-PCR experiments using ESCC materials were concordant with microarray data.
Identification of genes associated with lymph node metastasis.
Status of lymph node metastasis at surgery is an important determinant for the prognosis of patients with ESCC. Therefore, new therapeutic strategies based on information of a biological nature from individual tumors are expected to improve survival for ESCC patients. To find genes that can be used to predict lymph node metastasis, we compared the expression profiles of 13 lymph node-positive cases with those of 6 node-negative cases, and identified 34 genes that were associated with lymph node status by a random permutation test (P<0.01). Of these, 18 genes were relatively up-regulated, and 16 were down-regulated in node-positive tumors (Table II) . Supervised hierarchical clustering analyses using these identified gene sets clearly classified the individual groups according to lymph node status ( Fig. 2A) . To further determine the minimum number of discriminating genes giving the best separation of the two groups, we rank-ordered the above 34 genes by the magnitude of their permutation P-values, and calculated a classification score (CS) by the leave-one-out test for cross-validation using the top 5, 10, 15, 20, 25, 30, and 34 genes on the rank-ordered list (Fig. 2B) , and obtained the best separation when we used the top 20 genes (10 up-regulated and 10 down-regulated genes) for score calculation (P-value <0.0015; Fig. 2C ).
Evaluation of TGFA as a diagnostic marker for ESCC.
To validate the possibility of applying the overexpressed genes as diagnostic protein markers for ESCC, we carried out immunohistochemical staining on tissue microarray containing tissue sections from 228 ESCC cases that underwent curative surgical resection, which were on our list of overexpressed genes (Table I) , with antibody for a secretory protein (TGFA). TGFA staining was mainly observed in the cytoplasm of tumor cells but was not detected in normal esophageal epithelial cells (Figs. 3A) . Of the 228 cases examined, TGFA was strongly stained in 109 (47.8%), weakly stained in 109 (47.8%) and not stained in 10 cases (4.4%). The median survival time of ESCC patients was significantly shorter in accordance with the higher expression levels of TGFA (P=0.0064 by log-rank test; Fig. 3B ). We also applied univariate analysis to evaluate associations between patient prognosis and several factors, including age, gender, pT stage (tumor depth; T1 versus T2+T3+T4), pN stage (N0 versus N1), pM stage (metastasis to coeliac nodes or cervical nodes, but no remote organ metastasis; M0 versus M1), and TGFA status (strong positive versus weak or absent). Among those parameters, TGFA status, pT stage, pN stage, and pM stage were significantly associated with poor prognosis. Multivariate analysis using a Cox proportional-hazard model determined that TGFA (P=0.0121) was an independent prognostic factor for surgicallytreated ESCC patients.
Discussion
ESCC is known to have the worst prognosis among malignant tumors generated in the digestive tract. It was reported that nearly half of ESCC patients who had curative resection have recurrent disease at a median follow-up of 37.3 months (23) . However, the majority of esophageal cancers are diagnosed at an advanced stage and are unlikely to experience a cure, especially by surgical treatment alone. Hence, extensive research has been directed towards studying adjuvant chemotherapy and chemoradiation, concentrating particularly on defining the best regimens from the standpoint of efficacy, minimal toxicity, and predictive response to treatment. However, previous investigations of neoadjuvant and adjuvant therapies have led to controversial conclusions. In fact, most studies failed to determine an optimal neoadjuvant or adjuvant regimen in terms of patient survival benefit (24, 25) . Therefore, the development of novel diagnostic tools for the early detection of cancer and the better selection of adjuvant treatment modalities for appropriate patients, as well as novel molecular-targeted therapies involving small-molecule and antibody-based approaches and cancer-vaccine immunotherapies, are urgently required.
Analysis of expression profiles by means of cDNA microarray is now widely used in various cancer cells (7, 8, 26) and could be the first step to effectively screen diagnostic and therapeutic targets that are specifically expressed in cancer cells (9, 19, (27) (28) (29) (30) . Several studies reported gene expression profiles of human ESCC (2, 10, 11) , but these studies used bulk ESCC tissues and appeared to have limitations in distinguishing accurate expressional changes in cancer cells, since ESCC tissues contain various types of non-cancerous cells, such as mesenchymal and inflammatory cells. To avoid the contamination of these non-cancerous cells, we used an LMM system to purify populations of cancerous cells and normal epithelial cells from surgical specimens (8) . To our knowledge, this is the first study on gene expression profiles of human ESCC on cDNA microarray combined with an LMM system. We established an in-house genome-wide expression analysis system consisting of 32,256 genes and applied it to ESCCs. The 147 transcripts commonly upregulated in ESCCs are known to have a variety of functions and include genes encoding cancer-testis or oncofetal antigens as well as those important for signal transduction, cell proliferation, enzymatic activities, gene transcription, and transporter activity. A portion of such genes should be useful as diagnostic/prognostic markers and as a therapeutic target for the development of novel treatments for esophageal cancer. Among them, the genes encoding putative tumorspecific transmembrane or secretory proteins are considered to have significant advantages, as they are present on the cell surface or within the extracellular space, and/or in serum, making them easily accessible as molecular markers and therapeutic targets. Some tumor-specific markers available at present, such as CYFRA or Pro-GRP, are transmembrane/ secretory proteins (31, 32) ; rituximab (Rituxan), a humanized monoclonal antibody against CD20-positive lymphomas, provides proof that targeting specific cell-surface proteins can result in significant clinical benefits (33) . In this study, we selected an up-regulated gene (TGFA) encoding secretory protein and examined the protein expression status by means of tissue microarray analysis. TGFA, one of the ligands for EGFR, is a type I transmembrane protein. Previous reports showed a correlation between high-level expression of TGFA and poor prognosis in esophageal cancer (34, 35) , while another study reported that low-level expression of TGFA was associated with a worse prognosis in patients with nodenegative esophageal cancer (36) . Our study suggested that a higher level of TGFA expression was an independent prognostic factor for surgically-treated ESCC patients. In this study, we evaluated the prognostic potential of the marker by using tissue microarray containing archived samples from 228 patients who underwent standardized curative esophagectomy at a single institute. Although further evaluation of TGFA for clinical use will be necessary, this marker may support clinicians in selecting the appropriate therapies for individual ESCC patients in advance.
We also tried to establish a predictive scoring system for lymph node metastasis with a limited number of genes by comparing expression profiles of node-positive cases with those of node-negative cases, as lymph node metastasis is a key step in tumor progression and a risk factor for poor prognosis. We identified 20 genes, a combination of which significantly distinguished node-positive from node-negative cases (P-value <0.0015; Fig. 2 and Table II) . Among these genes, 10 were relatively up-regulated, and the other 10 were down-regulated in node-positive cases compared with those in node-negative cases. The former genes included key molecules that were indicated to worsen patient prognosis, such as wingless-type MMTV integration site family and member 10B (WNT10B) and cyclin T2 (CCNT2) (37, 38) . In logarithmically growing cells, CDK9/CCNT2 and pRb are located in a nuclear multiprotein complex likely involved in the transduction of cellular signals and regulation of cell cycle progression (38) . The 20 genes could be useful in selecting patients for adjuvant chemotherapy. It was reported that clinically unsuspected metastasis to the cervicothoracic lymph nodes was present in 36% of patients with esophageal cancer, regardless of cell type (39) . A diagnosis based on the minimum gene expression may also have great potential in providing information about the biological nature of cancer cells that cannot be obtained by conventional diagnostic tools; thus improving the survival benefit of adjuvant treatments. However, further validation using larger sets of patients is necessary.
Among the tumor antigens identified to date, cancer-testis antigens (CTAs) have been recognized as a group of highly attractive targets for cancer vaccination (40) . Although other factors, such as the in vivo immunogenicity of the protein, are also important (41) , and further examination is necessary, our candidate genes include known CTAs such as MAGEA3, MAGEA4 and the preferentially expressed antigen in melanoma (PRAME). Further study using this expression profile should enable us to identify novel CTAs that could be a good target for immunotherapy of ESCC.
In summary, our cDNA microarray analysis combined with an LMM system revealed precise gene expression profiles of ESCC that may be associated with carcinogenesis and lymph node metastasis, yielding valuable insights into the molecular events underlying esophageal carcinogenesis. The application of the gene expression data of ESCC to the selection of candidate molecular targets using tissue microarray analysis could offer a powerful strategy for rapid identification and further evaluation of target molecules for a personalized therapy of this type of tumor.
